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FIGURE 8
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Sample | Camera Resolution M.1
Fuji + WL-FX9 2832 x 2128

Nikon E4500 + FC-E8 (FL 2272 x 1704
32mm)

3 Kodak Megaplus + 6mm 1312 x 1032 24
o HHI

Nikon E4500 + FC-E8 (FL. | 2272 x 1704 20 27
Il I I

Nikon E4500 + FC-E8 (FL. | 2272 x 1704 9 71 25
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Nikon F4500 + FC-ES (FL
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7 Nikon E4500 + FC-ES8 (FL 2272 x 1704 140
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13 nc | 24
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FIGURE 10
Method 2
0.4088 (0.3402)
0.5868 (0.9809)

Method |

0.3164 (0.3362)
0.4569 (0.3323)

Sample
1
2

o
10,356 (8.6270) | 0.3667 (0.3111)

0.9490 (0.7739) |  11.8077
(8.0165)

3 0.2646 (0.2566) | 0.2673 (0.2650) | 0.4456 (0.4318) | 0.3121(0.3217)

4 0.5556 (0.7865) | 1.4319 (0.8993) 164172 | 3.9692(2.7197)
(8.7168)

2.4142 (1.5129) 0.8294 (2.0553)
1.8964 (1.6195) | 9.3508 (7.7634) “ 2.0041 (1.6612)
4.6403 (3.5282) | 32.625 (26.973) “ 5.9567 (7.3236)

FIGURE 11

1 0.3734 (0.3200)
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Method 2
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0.5868 (0.9809)
0.2673 (0.2650)

1.4319 (0.8993)
2.6919 (1.9254) 2.4142 (1.5129)
7.6801(6.8891) |  9.3508 (7.7634)

16.535 (13.799) 32.625 (26.973)
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METHOD FOR HIGH PRECISION LENS
DISTORTION CALIBRATION AND REMOVAL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. national stage application filed
under 35 U.S.C. §371 of International Patent Application
PCT/EP2008/038219, accorded an international filing date of
Jun. 26, 2008, which claims benefit under 35 U.S.C. 119(e) to
U.S. provisional patent application Ser. No. 60/946,268, filed
Jun. 26, 20077, and incorporates by reference the contents of
these applications 1n their entirety.

FIELD OF THE INVENTION

The present invention relates to a high precision method for
calibrating and removing distortion from a lens, and more
particularly, a method for calibrating and removing distortion
by arranging sensor readings to compensate for its presence
and simultaneously optimize the resulting image magnifica-
tion for best image quality.

BACKGROUND OF THE INVENTION

An optical mstrument 1s generally required to produce a
geometrically consistent image of a given object, where each
pointis imaged as a pointin the image. The image 1s generally
formed 1n accordance with some predefined imaging model,
which 1n this case, 1s assumed to be a projective camera. The
departure of practical optical systems from ideal behavior
leads to the introduction of aberrations in the resulting
images. The aberration here 1s lens distortion, a well known
monochromatic aberration, which 1s present in both color and
greyscale 1maging devices. Its nature i1s predominantly a
radial geometric displacement of pixels giving a barrel or a
pincushion effect but without loss of 1mage quality.

Lens distortion 1s a thorn 1n the side of many relatively
straightforward 1mage analysis tasks. It comprehensively
degrades the accuracy of measurements made 1n real 1mages,
where pixels 1n a normal perspective camera can typically be
displaced by up to ten percent of the 1mage width.

One known method for addressing lens distortion 1s in
conjunction with a complete calibration of the camera sys-
tem. Complete camera calibration essentially means that the
camera’s internal and external parameters are obtained. Inter-
nal parameters roughly relate to the camera lens, such as focal
length and optical axis. Lens distortion parameters may be
considered as an add-on to the set of internal camera param-
cters. The external parameters relate to the positioning of the
camera. Such conventional camera calibration methods are
disclosed in many research papers. The importance of distor-
tion 1n this regard has seen the utter dominance of these more
complicated algorithms at the expense of those that do not
consider distortion.

Despite this, many applications do not require the full
complement of internal camera parameters and the relative
orientation 1n relation to some calibration target. Non-metric
applications differ in that they do not necessarily employ the
lens or external characteristics in determining distortion.

In the 1960°s Duane C. Brown, working in the area of
photogrammetry, proposed a method for determining lens
distortion based on the truism that straight lines must be
imaged as straight lines. This technique, published in (Brown,
1971), and with extensions i (Fryer and Brown, 1986),
became known as the ‘plumb line’ method, where initially
fine white thread was stretched by plumb bobs which were
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2

stabilized 1n an o1l bath. A comprehensive historical review 1s
given 1n Clarke and Fryer (1998). This technique was adopted
by the machine vision community where simplified versions
of the plumb line method were presented, e.g. Prescott and
McLean (1997b), (also as patent Prescott and McLean
(1997a) XP000683415) Haneishi etal. (1995a) (also as patent
Haneishi et al. (1995b) XP000527216) Poulo and Gorman
(1999) U.S. Pat. No. 6,002,525 and Asan et al. (1999) all

describe a similar truism based correction for the correction

of distortion using 1mages of co-linear points. Similarly, high
level distortion 1s considered 1in Brauer-Burchardt and Voss
(2001), however the real example shown, with a quoted
residual distortion of £0.7 pixels, resembles a quite bemign
distortion level. Since these methods only estimate distortion,
they are sometimes referred to as non-metric calibration.
An mtrinsic problem for the multiple line based methods 1s
that 1t becomes intractable to form geometric relationships
between a distorted line segment and its true projection. An

alternating approach was employed, for example 1n Devernay
and Faugeras (2001), Tzu-Hung (2003) and Bing (1999)

EPO895189, which iteratively adjusts the distortion param-
eters 1n order to minimize the line fitting to the distorted line
segments. No meaningiul geometric relationship exists
between this objective error and the distortion parameters,
hence no analytical derivatives are available. This results in
slow convergence and can become unstable for elevated dis-
tortion levels, unless special steps are taken, as 1n Swami-
nathan and Nayar (2000). In this non-metric approach Swa-
minathan and Nayar (2000) reformulated the objective
function 1n distorted space instead of the usual undistorted
space. This 1s done by performing a further search at each
alternation to find the location of a point closest to the con-
sidered distorted point, but that lies exactly on the line fitted to
the current undistorted point estimates. The reported results
showed 1mproved robustness to noise for simulated data but
no meaningiul performance was reported in the real case.

Another approach has been suggested in Ahmed and Farag
(2001) where the curvature of detected lines are used to
estimate the parameters of the derivative distortion equation.
However, the simulation results showed abysmal perfor-
mance 1n the presence ol noise, while the real results lacked a
qualitative evaluation.

A more standard means of calibrating distortion 1s with the
simultaneous estimation of a camera’s extrinsic and 1ntrinsic
parameters. Tsar’s method (Tsai, 1987) ivolves simulta-
neously estimating, via an iterative numerical optimization
scheme, the single distortion parameter and some internal
parameters such as focal length, given the 3D position of a set
of control points. The external parameters or position of the
camera 1s already computed 1n a previous step. The disadvan-
tage of this approach 1s that it requires known 3D control
points and in return offers relatively low accuracy for all but
simple distortion profiles. Algorithmic variations on this prin-
cipal have been proposed by some, such as Weng et al. (1992)
and We1 and Ma (1994) using more appropriate models for
lens distortion. These methods also require known 3D control
points.

The generation of distortion corrected 1images 1s 1nvesti-
gated 1n Heikkila and Silven (1997), while Heikkila (2000)
describes a similar technique that requires 3D control points
or multiple 1mage sets of 2D control points. An alternative
method also based on multiple sets of 2D control points has

been advanced in Zhang (1998, 2000) and Sturm and May-
bank (1999). This technique addresses distortion through an
alternating linear least squares solution which 1s then itera-
tively adjusted in a numerical minimization including all
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estimation parameters. The relative complexity of these tech-
niques 1s 1ncreased by the inclusion of lens distortion.

On the other hand there are many situations where only
distortion removal 1s required, not the full complement of
intrinsic and extrinsic parameters. An example 1s 1n the esti-
mation of multiple view geometry in real images, where
techniques have been specifically developed to accommodate
lens distortion. Zhang (1996) investigates the possibility of
simultaneously estimating distortion parameters and the Fun-
damental Matrix. The results conclude that this 1s possible 1f
noise 1s low and distortion 1s high. Fitzgibbon (2001) (with
patent Fitzgibbon (2003) GB2380887), Micusik and Pajdla

(2003) and Barreto and Daniilidis (2004) use an alternative
model for distortion, leading to a polynomial Eigenvalue

problem and a more reliable estimation of distortion and
geometry. Stein (1997) took the reverse approach and used
the error 1n Fundamental Matrix estimation as an objective
error to estimate distortion parameters.

Alternative methods of distortion calibration exist, where
control points correspondences are abandoned in favor of
distortion free scenes. These scenes are then 1imaged by the
camera system, whereupon an 1mage alignment process 1s
conducted to correct for distortion. Lucchese and Mitra
(2003) describe a technique where the distorted image 1s
warped until it registers (1in intensity terms) with the reference
image. A similar technique using a coarse {ilter to find regis-
tration 1s described 1n Tamaki (2002) (with patent Tamaki et
al. (2002) US2002057345) while Sawhney and Kumar
(1999) (also with patent Kumar et al. (1998) W09821690)
describe a registration techmque that does not require an
undistorted reference image. Instead, multiple 1images are
registered for the generation of a mosaic image, for example
such as a panoramic resulting from the combination of several
different views, and distortion 1s simultaneously estimated.
These techniques have a very high computational overhead,
with twenty minutes quoted 1n Tamaki (2002).

A final class of non-metric calibration methods are based
on distortion induced high-order correlations in the frequency
domain. Farid and Popescu (2001 ) describe a technique, how-
ever 1ts performance 1s poor 1n comparison with regular cam-
era calibration techniques and 1t also appears to be slightly
dependent on the image content. Yu (2004) further develops
this approach with alternative distortion models and reports
accuracy approaching that achieved with regular camera cali-
bration 11 the source 1mage 1s of a regular calibration target.
Finally, a means of fabricating a curved CCD array has been
suggested by Gary (2003) US2003141433. In the lens distor-
tion profile 1s copied 1n the array by a series of line segments,
thus the resulting 1image appears distortion free.

SUMMARY

The solution provided herein may be considered non-met-
ric as no regular iternal or external camera parameters are
explicitly required. This solution 1s found with much higher
stability and precision than other non-metric approaches. The
performance at least matches, and often surpasses, that of
complete calibration methods. Its practical implementation 1s
very straightforward, requiring the camera to capture only a
single view of a readily available calibration target. A more
complete understanding of the invention will be appreciated
from the description and accompanying drawings and the
claims which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the
present mvention will be more fully understood from the
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4

following detailed description of illustrative embodiments,
taken 1n conjunction with the accompanying drawings in

which:

FIG. 1 1s a graphical interpretation of the formation of a
distorted 1mage and 1ts undistorted counterpart;

FIG. 2A 1s an original distorted image;

FIG. 2B 1s a resampled image;

FIG. 2C 1s an optimally adjusted resampled image;

FIG. 3 1s a table showing the properties of a proposed
algorithm of Method 1 1n comparison to alternate techniques;

FIG. 4 1s a table of residual errors for Method 1 1n mean
(SD) format;

FIG. 5 1s a table of Residual Errors for a prior art method
(Method 2) 1n mean (SD) format;

FIG. 6 1s a table of Residual errors for a prior art (Method
3) 1n mean (SD) format;

FIG. 7 1s a table of Residual errors for a prior art (Method
4) 1n mean (SD) format;

FIG. 8 1s a table of real distortion samples, including the
number of 1iterations for each of the methods where available;

FIGS. 9A, 9B and 9C are 1llustrations showing three cali-
bration 1mages;

FIG. 9D 1s an 1llustration of an evaluation image;

FIG. 10 1s a table of distortion residuals on real examples;

FIG. 11 1s a table of a comparison of Method 1 to prior art
method 2 both using the same distortion model (1.e. two
parameter radial model);

FIGS. 12A, 12B and 12C are corrected evaluation images;

FIG. 13 1llustrates Method 1 parameters with scaled 95%
uncertainty bound;

FIG. 14 illustrates Method 2 parameters;

FIG. 15 1llustrates Method 3 parameters with scaled 95%
uncertainty bound;

FIG. 16 1llustrates Method 4 parameters with scaled 95%
uncertainty bound;

FIG. 17 illustrates a graph of the Mean and SD errors for
the 4 methods computed over 100 random positions of control
points;

FIG. 18 1llustrates the mean estimated distortion center less
the 1deal value, for the 4 methods over the range of distortion;

FIG. 19 illustrates the mean and SD of parameter values for
Method 1 over the 100 randomly chosen control point loca-
tions;

FI1G. 20 illustrates the mean and SD of parameter values for
Method 2 over the 100 randomly chosen control point loca-
tions;

FIG. 21 illustrates mean and SD of parameter values for
Method 3 over the 100 randomly chosen control point loca-
tions;

FIG. 22 illustrates mean and SD of parameters values for
Method 4 over the 100 randomly chosen control point loca-
tions;

FIG. 23 1s a table 1llustrating the estimates of the distortion
center for each of the prior art methods 2, 3 and 4 and the
method of the present application,

FIG. 24 1s an exemplary process tlow for determining the
distortion parameters of Method 1, and

FIG. 25 1s an exemplary process flow for correcting an
image using the distortion parameters as determined from the

Method of FI1G. 24.

DETAILED DESCRIPTION

The present invention addresses a problem of geometric
distortion in optical systems by rearranging the sensor read-
ings to compensate for its presence. Any array type lens
system 1s applicable such as infrared sensors and optical laser
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deflection systems, color and monochrome cameras regard-
less of resolution. The method of the present invention 1s
highly accurate, stable and suitable for all levels of lens dis-
tortion. The correction method of the present application may
be applied to both RAW and processed images. However,
where other corrections for other distortions are also applied,
the process may more suitably be performed on RAW format
images 1n advance of or subsequent to the other correction
Processes.

Many calibration methods are complicated to carry out,
requiring multiple views of a target while avoiding degener-
ate configurations. Their software requirements are also non-
trivial, often requiring a complete nonlinear bundle adjust-
ment optimization. Whilst these methods may be suitable for
complex 1industrial applications, they are not generally suit-
able for mass produced consumer products. In contrast, the
method of the present invention provides a simpler method
requiring one view of a calibration target which may be easily
taken 1n a fronto parallel position. The position of the pattern
relative to the camera coordinate system 1s not required. Two
constraints are placed on the calibration target, that of planar-
ity and known structure. These requirements are easily met,
for example a regular pattern such as a chessboard has a
regular grid structure and 1s easily made planar. The method
does not require that the pattern be present in a specific
location or orientation merely that the structure 1s known and
entirely captured in an acquired image on the sensor. By
known structure, it 1s meant that the configuration of the
pattern 1s known 1n 2 dimensions (e.g. for a checkerboard
pattern the number of square in each dimension in contrast the
physical size 1s not important).

In addition, the problem of optimally forming a new aber-
ration free 1mage from an initial digital representation 1s
addressed. The optimization 1s focused on minimizing the
unavoidable resampling errors due to the sealing and sheering,
clfects of the digital interpolation. As discussed below, a
mathematical formulation 1s described to automatically com-
pute an affine transform to minimize these distortions,
improving the overall image quality.

As described 1n the background, lens distortion can com-
prehensively degrade the accuracy of measurements made 1n
real images, where pixels 1n a normal perspective camera with
a low focal length may move up to 30 pixels. In terms of the
removal of such distortions, a precise means of calibrating
and removing distortion 1s 1n conjunction with a full calibra-
tion of the internal and external parameters. The importance
of distortion 1n this regard has seen the utter dominance of
these more complicated algorithms at the expense of those
that do not consider distortion. Despite this, many applica-
tions do not require the full complement of internal camera
parameters and the relative orientation in relation to some
calibration target. Selections of these, such as multiple view
geometry estimation, 1n cases prefer to explicitly include lens
distortion factors at the expense of extra complexity.

Algorithms for internal and external camera calibration,
multiple view geometry estimation, etc. are rendered consid-
erably simpler by the lack of lens distortion. However, despite
the long term existence of non-metric calibration techniques
to enact this removal of distortion, they have not been
adopted. It 1s believe, that this may be due to poor perfor-
mance of such methods, their limited circumstances of usage,
and their own relatively complex practical implementation.
The present application comprehensively teaches an easy to
use and highly precise method for calibrating lens distortion
of all levels 1n perspective cameras.

The present application 1s non-metric, as no internal or
external camera parameters are explicitly available or
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required (although where the camera parameters are adjust-
able, these may be employed as mputs to improve perfor-
mance). Non-metric refers to the unavailability of any inter-
nal or external camera parameters or orientations. The
method exploits two geometric priors on the planarity of the
control points and their known structure up to an arbitrary
scale. Using a single view of the calibration pattern, an error
function 1s formed in distorted space using a conventional
mathematical distortion model. It will be appreciated that the
model may be rewritten in non-distorted space, however this
has the disadvantage of possibly reduced precision. As will be
discussed below, the necessary undistorted coordinates are
simultaneously estimated through a general projective trans-
form. The partial derivatives of a quadratic cost function are
then computed for all estimated parameters, allowing the
closed form computation of the cost gradients for minimiza-
tion. The resampling of an aberration free image 1s interpreted
as a function (using resampling) 1n distortion iree coordinate
space, hence the calibrated forward distortion model gener-
ated by the method may be applied directly to distorted
images. Automatic resealing may be applied to balance the
creation and loss of pixels in this resampling.

In comparison with the current benchmark for calibrating
distortion through full camera calibration, the proposed
approach has numerable advantages. Only one mnput image 1s
required for the calibration, 1deally taken 1n a roughly fronto
parallel position. The distortion and associated parameters
are estimated 1n a closed form solution with full partial deriva-
tives, giving a computational advantage over current numerti-
cal techniques. Closed form 1n this sense refers to the direct
geometric relationship between the criterion and the under-
lying model, meaning that it 1s absolutely correct at all times
not just upon convergence conditions. The accuracy of the
method matches and surpasses that of complete calibration
over a general coverage of all possible distortion levels 1n
perspective cameras. It also offers an alternative means of
dealing with distortion for the many tasks that do not require
the tull complement of camera parameters. Additionally, the
subsequent calibration of internal and/or external camera
parameters becomes much simpler 1 the absence of lens
distortion.

In an embodiment, the calibration technique pursued
requires one view ol a calibration pattern. Two geometric
priors are assumed on this calibration target, that of planarity
and of known (up to an arbitrary scale) canonical coordinates
for the pattern defined control points. Additionally, it can be
assumed that all control points are observable within the
image window and are approprately ordered so as to corre-
spond with the scaled canonical model.

Considering the detection of a chessboard in an unknown
position, the intersections with image coordinates are
denoted as shown in Equation 1, with units of pixels (pix), a
straight forward transform (subtracting fixed values from
cach of the x and y co-ordinates with scaling for stability
purposes when performing calculations, inverse translation
and scaling are subsequently applied when correcting an
image) 1s specified to convert these measurements into a lens
centered coordinate space.

c=(u,v,1)’ (1) where c is the vector of pixel (control point)
measurements made with u being the x co-ordinate, v being
the v co-ordinate (Note: this 1s expressed and all equations
hence are expressed in homogenous form unless stated oth-
Crwise).

The required lens centric transform may be defined by
Equation 3 below;
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(s 0 —u, Y u)
0 s —v, ||V A

O 0 1 AL

(3)

o

The lens centric coordinate system obtained by this Euclid-
1an transiorm applied to measured values can be thought of as
the actual metric measurements of the ray intersections with
the surface of the sensor pickup (e.g. CCD array), centered on
the optical axis of the lens. As most sensors are not aligned
accurately with respect to the lens, the center of the sensor
array cannot be assumed to contain the optical axis. The
precise metric values of the ray intersections are not required
to influence the scale of the distortion parameters.

Arbitrary scaling of lens centric coordinates, or equiva-
lently varying sensor resolution, causes the parameter values
of distortion to change, not the number of parameters as 1s
clear from Equation 2 below where A 1s an arbitrary scale and
the proot which follows.

(2) Mp-p)=AD(p.k)=D (Ap.k,), where A is the scaling fac-
tor and k, 1s the scaled parameter vector.

Proof : AD(p, k) = D(Ap, k)

k(A%xr® + koA xr® + ...
= ,
ki A2yt + koAt yrt + L.

= AD(p, k),

Ask, absorbs the scaling factors as: k, =(A°k,, Ak, ... )"

As a consequence, the recovered control points are normal-
1zed roughly to unit length by the average of the image width
and height to standardize the scaling of the distortion param-
cters and 1mprove the conditioning of the estimation equa-
tions.

In the present application, references to the Forward model
refer to the system models formulated 1n distorted space and
references to the Reverse model refer to models formulated in
undistorted space.

The Forward model of distortion will now be derived and
its advantages 1n comparison with other models theoretically
argued and experimentally shown. The distortion may be
expressed as shown in Equation 4 below:

p=p+D (p.k)

Where D(p.k) 1s expressed 1n Equation 5 below:

(4)

( kixr® + koxr® + kaxr® + ... ) J)

kyyr®* + ko yrt + kv + L+
D(p, k) ~ o :
(p1Bx“+ v )+ 2prxyv)(1 + psr -+ ... )+

C 2pixy + paByt XN+ part + . )

In this function, the radial distortion component 1s repre-
sented by k,, k, and k, while the distortions introduced by
decentering correspond to p,, p, and p;. These are combined
into the parameter vector k=(k,, k., k., ...p,,p, ... )" . It will
be appreciated that for radial distortion we are not concerned
with the tangential distortion coelficients of p, p, and p,
although the method may account for these automatically as
will be discussed 1n detail below.
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Given the normalized coordinates, ¢, of an arbitrarily ori-
ented planar target, a planar transform or homography may be
computed as shown 1n FIG. 1.

A projective 3x3 transformation H, can be computed
between the captured 1mage co-ordinates and a co-ordinate
system for the known calibration target. This may be com-
puted from the equation below:

min 2(c,H w)”> where w are the canonical co-ordinates of
the control points of the pattern (e.g. the corners 1n a chess-
board pattern) with unknown scale.

The application of H , results in € as shown below:

C=H ;w,

H , accounts for scale and position which when combined
with H_ described below accounts for the unknown undis-
torted set of points from the measured set. The transtorm H
may readily be determined using a conventional least squares
system to match the acquired image of the calibrated target
with 1ts known representation.

In addition, a distortion free projection of planar points,
viewed from an arbitrary position, may be related to their
distorted counterparts through the application of a general
projective transtorm H_ as shown below:

c=H ¢ (6)

Equation 6 represents a key element in expressing distor-
tion 1n a closed-form solution, enabling the recovery of the
previously unavailable data c, through the simultaneous esti-
mation of 3x3 matrix transform H_. Without loss of general-
ity, H_ 1s scaled so that h,; 1s one. In practice, no further
constraints are available on H_ as the estimate of H , 1s cor-
rupted due to noise.

A general form for H, 1s to absorb inaccuracies. For each
observed control point €, an error function, as in Equation 7
may be formed.

e;(¢,,0)=H C;+D(H C, k)-AC, (7)

, where the tull parameter vector 1s ¢=(h,,, h,,, ..., s, u,, v,
k,, k) with ¢peIR"®

It will be appreciated that ¢ represents all of the unknown
parameters.

In solving a problem, a parameter counting exercise shows
that for a parameter vector of length n, a minimum ot m=ceil
(ny/2) control point observations (for example corners in a
chessboard pattern) are required, where ceil ( ) 1s rounding
towards +0o. Given at least n=m observations, a least square

solution may be obtained by Equation 8:

(8)

This problem 1s nonlinear requiring a nonlinear optimiza-
tion solution_One standard way of solving such an equation 1s
to linearize 1t Equation 8 with some 1nitial parameter value of
¢, resulting 1n an 1terative Gauss-Newton scheme which can
be solved using many robust least square techniques, such as
Equation 9:

T de(c. ) - . ®)

adﬂ“ E(C" ‘;bk)

o (8eT(e.B,) dele, )
Drr1 =P — b a7

Such techniques for solving systems will be readily famul-
1ar to those skilled 1n the art.
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An analysis by the inventor of the noise 1n the detected data
revealed that the data covanances are approximately equal, so
that no covariance matrix is required 1n this solution (covari-
ance 1s effectively equal to an 1identity matrix).

An 1mnitial estimate for the parameters of A are s=1, u_=m,_
and v,=m,, where m, and m, are the normalized coordinates
of the image center. Alternatively, an 1nitial estimate for the
parameters h,,, h,, and k,, may be obtained directly from the
linear solution of Equation 10:

he K ' =T+b, where

(%1 X17q f’ul—mx“
v, ¥, v —m
| 171 ¥
T: . r b: . e
. o 2D ~
Yn Yntn ) \ Vi Ty

where X=0-m,, ¥, =V-m,, *=X°

pseudo 1nverse.
From which the parameter vector including three terms for
radial distortion may then be iitialized, as in Equation 11:

~ 2 +
+v,” and (.)" denotes the

q):(hdfegzo: _mxzo:hdfeg? _my:O:O: 1 L, _my: kz':opo) d

Using either method for mitialization, it will be appreciated
that the solution of equation 8 provides suilicient information
to subsequently remove distortion from any captured image
by resampling or image warping.

Resampling or image warping computes new samples on a
target 1image from original samples on a source image. Two
frequently used and well known interpolation filters are near-
est neighbor and bilinear interpolation, although 1t will be
appreciated that others may be employed. The formation of a
new undistorted image I(x) may be formed from an distorted
image 1(x) knowing the forward distortion model parameters
from the original image as 1n Equation 12:

I(x)=R(I(x+D(x,k))) 12)

Equation 12 has an advantage that the calibrated forward
distortion model may be used directly, without a need for an
inverse function.

The modeling of distortion, according to Equation 7, does
not consider the optimal formation of a new distortion free
image. Thus, for barrel distortion, 1mage warping according
to Equation 12 results in the stretching of central pixels to
occupy the viewing window, and hence the loss of outer
perimeter pixels as other techniques do as well. The reverse
case 1s seen when the new i1mage 1s compressed nto the
viewing window, due to the use of an imnverse distortion model
in the resampling. This image stretching effectively results 1n
a reduction of window size, as illustrated in FIG. 2, which
brings forth two 1ssues. Firstly, there 1s a reduction in the
clfective field of view or angle of view. This 1s counter pro-
ductive as wide angle lenses are chosen for their wide angle of
view. Secondly, there 1s an increase in noise and a degradation
of 1mage quality 1n comparison to the original image, due to
the creation of new pixels by zooming-like action of the
warping.

To address this 1ssue, the image warping of Equation 3 1s
modified, by taking into account local pixel distortions. These
pixel distortions are the result of the increasing pixel area
warping, radially from the center of the lens distortion. By
introducing the ability to compress pixels in the resampling
process, the overall pixel distortions may be balanced or
mimmized. This 1s accommodated by introducing all appro-
priate scaling matrix S into the resampling 1n Equation 13:
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10
13) T x)=RI(Sx+D(Sx.k))), where the scaling matrix s
contains one variable s, as

'{51 0 Slf{{]—f{{]\ﬁ
0 S Slﬁg—'ﬁ’g c

00 1 )

and (0, v,) 1s the estimated distortion center

A measure of the local pixel distortion may be compiled by
taking the Jacobian of the local, area around point p as in
Equation 14:

( dDy(p.k)  9Dy(p, k) 14)
1+
dx dy
I(p) =
OD)(p.k) | 3Dy(p. k)
\ 0x dy y

which gives the size ratio of the newly created pixel at the
location p to 1ts original location. If A, and A, are the Eigen-
values of J(p), then the net measure of the local pixel distor-
tion may be obtained by taking i1ts determinant as det(J(p))
=h,A,. Because the Eigenvalues of an orthogonal transform
are equal to one, the 1deal value of the determinant causing no
net size change 1s also one. A compression of pixel size results
in a determinant of less than one, while the enlarging of pixel
s1ze results 1 a determinant greater than one.

Pixel distortion may be minimized by choosing a scaling
parameter s, that mimimizes Equation 13.

n 15)
min )’ (det(s Ipxad (p1)) — 1)
i=1

As det(AB)=det(A) det(B) A,.BeIR"™ and det(s, L, )=s,"
this minimization can be solved linearly as follows

1

1 =
\ EEI det(J(p;))

S =

The point set p, may be chosen as a grid covering the entire
image area. The density ol this grid has a very minor intluence
on the overall scaling parameter s, .

This improved resampling, by considering the local pixel
distortions, 1s illustrated 1n FIG. 2. Itmay be observed that the
scaling solution avoids including peripheral areas of the origi-
nal image as these areas would induce large pixel distortion
alter image warping. The balance that 1s reached 1s a clear
improvement 1n terms of the resulting field of view over the
original unsealed method. This formulation assumes that the
new 1mage dimensions are the same as the original. An alter-
native means of implementing the same effective field of view
1s to enlarge the destination image. The optimal enlargement
in this case 1s described by the scaling matrix S solved with
Equation 15.

As described above, decentering the distortion parameters
to p,, p> and p, do not need to be explicitly included, as the
interplay between certain parameters enables the implicit
modeling of this type of distortion as will be clear from the
prool below, moreover their inclusion may lead to an over-
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parametcrised solution. In particular, considering that the
projective error transtormation H_ may, at least, introduce a
variable center point by the simple adjustment of hy—=h,+A |
and hs—h4+A  resulting in equation 16 below.

kAL (3% + yH) + 2608 ,X9 + ... 16)
D(p+A4, k)= D(p, k) +

2k1A xy + kgﬂ},(?»yz +X°) + ...

+ F

Proof: Considering the formulation of distortion as D(H,C,
k)=D(p, k) and introducing a pure translation into the results
in the shifting of x—=x+Ax and y—=y+Ay. The two parameter
radial distortion model then becomes

D, (p+A ky=k xr*+kxr+k AL (3x°+37)+2k A xy+ko A,
(5x*+6x7y 4y oA (4x y+4xy° )4k (BA,+A%)
X+2A A VAN AAS KO ((5A+6A° A A" x+

3 3 S 3 A2 7
(AA7 A AAA N7 VA +2A° A +A AT+ )

Radial distortion 1s modeled as betore, while k A, kjA |
k,A and k,A_match the decentering terms derived from the
wave aberration equation. The basic introduction of a trans-
lation element mto H_. thus models decentering distortion
with the additional introduction of a small residual E. This
residual may additionally be approximated by a small affine
transformation E=A,.

The objective error e may be rewritten, implicitly modeling,
decentering distortion as 1n Equation 17:

(&9 =H S+ D(H &I+ A H 5—A8). 17)

In the least square estimation, the small decentering
residual 1s absorbed by a combination of H, and A 1n the
search for a global minimum. It should also be remembered
that these equations are only approximations to the actual lens
distortion, so such small adjustments are likely to have a
negligible impact.

Although, 1t will be appreciated by those skilled 1n the art
that the partial derivates of Equation 7 may be readily com-
puted using conventional techniques, some further detail 1s
now 1ncluded.

Partial dertvatives for use 1n an 1terative estimation of dis-
tortion may be computed using control points. Each control
point contributes to the formation of an objective function
which must be minimized, as shown 1n Equation 18:

(&0)=H &+D(H & k)-A& 18)

Performing a first order expansion of the error around the
last estimate results 1n a Gauss-Newton scheme that can be
iterated utilizing many robust least square techniques, as
shown 1in Equation 19:

9e(c, p,) de(c, B\ dele. b)) - . 1Y
aaf,}'“ E(C" qbk)

8¢ dpT

Ef’ml = '{f’k - A

/

In an embodiment, the forward distortion model 1s com-
puted with three radial distortion parameters with estimated
lens centric coordinates of the 1deal projections. The deriva-
tives are given exactly as 1n Equation 20:
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(e )\ [ e, e e 20)
ag(ca ‘ESR)_ a‘:‘bT _ @HE’ U, 1, My AP A8, AF
a T -_ — A '_ a .
¢ *(¢ 9y a;? 0,0, 1, 377, 37, 97°
CaeT ) N . )
where
( aE'I H ( 0Xx 1k 3A2+ O0Xx T aj} N )
aHE’ . aHE ! ( * ) )a e xyﬂHe
dey ) ay o 0x 5 ) 9%
\OH )\ 9H, +k1(2 TR ]aHE]Jr :
dx 83
~4 A2 A2 ~4 A A ol
kz((5x +OXTY + Y )SHE +(4x y+4xy )ﬂHE]-I_
dXx 3%
o P T ad  A2A2  cad
kz((4x y+4xy )+ TH. +(x +6X"V 4+ 35y )ﬂHE]-I_
dx 91
kz[(%?ﬁ +439°) 4 S + (463757 +55) Hy ] +
( a%
73° + 158757 + 9329 +3°%) = +
k ( b 9 29+ 5 )SHE
3 s
(65%5 + 12857 + 685%) =2
' oH, )
( gx
(685 + 12875 +635° +3°) = +
kf-, aAE
AOAAd A2 a2 ad ~6 y
9 + 15 +7
k (279379 A +79 )SHE |
Where
[ dx )
afﬂ? -iajgl,0,0,{L-—ﬁf——%? ~ ~
dy B 0,0,0,%, 9,1, -9y —X¥ /h31x+h32y+1
OH, )

It will be appreciated that these equations may readily be
solved using conventional software programming tech-
niques. In particular, the techniques of the present application
may be applied 1rx a variety of different ways in both cameras
and projection devices. In the case of a camera, the correction
method 1s applied after an 1mage has been sensed at the
camera sensor, whereas 1n the projection device, 1t 1s applied
betfore being presented to the projecting elements.

An exemplary process for correcting a subsequently acquired
image using the previously determined parameters. Once an
image 1s acquired, the distortion model 1s then applied.

It will be appreciated that whilst the important factor is that
the model 1s based on measurements taken, the compact
nature of the model 1s such that the model may be applied
within the camera. However, the method need not be applied
directly within the camera and may be applied to the captured
images using external image processing software. The exter-
nal software may be specifically for the purpose of correcting

images or 1t may be provided as a plug-in for more general
1mage processing software, such as for example Adobe Pho-
toshop™,

In one arrangement, a kit 1s provided to a user including a
reference 1mage (checkerboard) and the software to produce
correction information for their individual lenses. This infor-
mation may then be stored and applied as required to 1images
taken using a particular lens to correct for distortion.

Where the correction process 1s included in the camera, less
expensive lenses may be employed to achieve comparable
results to more expensive lenses where the correction process
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1s not employed. Thus for example, the process may readily
be employed in compact digital cameras and mobile phones
to 1improve 1mage quality without increasing the cost of the
optics. To achieve this, the cameras may be calibrated during
or at the end of the manufacturing process to determine the
correction parameters which may subsequently be employed
to correct acquired 1images.

In more expensive cameras, such as digital SLR’s where the
lenses may be changed, the firmware of the camera may be
configured to include the above described correction process.
In this arrangement, the camera firmware may be configured
initially or updated to determine the correction model param-
cters. In this arrangement, the correction model parameters
may be determined by running through a calibration routine
performed by the firmware for each lens of the user. The
determined calibration settings may then be associated with
the individual lens, e.g. by reference to the identification of
the lens when 1t connects to the camera or alternatively by
selection of the user from a menu. It will be appreciated that
users may prefer not to have this complexity or they may
prefer to share the information between several cameras. In
this scenario, the parameters for the correction may be stored
in a memory card or similar and loaded into the camera as
required. This type of scenario 1s known where user’s custom
settings may be saved and retrieved from a memory card.

In another arrangement, the lenses are calibrated during their
manufacturing process to determine appropriate correction
parameters and these parameters are stored as meta data
within the lens for loading by a camera subsequently when
connected. The correction of an image taken with a lens could
then be implemented onboard the devices hardware (similar
to the white balance function) or on an external processor.
In addition to 1imaging systems for cameras, the technology
may also be applied to industrial inspection systems and
image projection systems. In the case of 1image projection
systems 1t will be appreciated that the distortion occurs 1n
reverse to a camera, 1.¢. the original image 1s perfect and 1t 1s
the projection through the lens that introduces distortion. To
address this, the corrections would be applied to the data sent
to the projector (or indeed within the projector) such that
when the corrected 1image 1s transmitted through the lens, the
viewer sees the original and thus uncorrected image The
image processing path 1s modified slightly within this pro-
cessing path as would be appreciated by the person skilled 1n
the art. Similarly, the method 1s not restricted to stills cameras
and may be applied to video. Thus for example, correction for
distortion could be applied to frames from a webcam before
transmission from a computer.

Moreover, the potential impact of a commercially available
method to calibrate and optimally remove lens distortion 1s
quite vast, and 1t 1s difficult to touch on every conceivable
application area Some general things to note 1s that the equa-
tions and method are applicable to any lens system, such as
inirared cameras and laser scanning systems. The developed
method 1s directly applicable to these technologies, only lim-
ited by the calibration target design. With regard to the appli-
cation to 1mages, 1t 1s important to be aware that although this
method 1s not a tull calibration technique, the absence of lens
distortion vastly simplifies the subsequent complete calibra-
tion. In this sense, the method influences such areas where full
calibration 1s required. The following i1s a incomplete over-
view of the areas where there 1s obvious commercial potential
relating just to camera technologies.

Theoretically, any imaging system that makes 1mage mea-
surements assuming a pinhole or perspective 1image forma-
tion model will benefit from this mmvention. For example,
specific advantageous are gained for the various existing and
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developing 3D camera sensors such as stereo, depth from
focus, defocus, shading, shadow and more. For precise opera-
tion these methods at least need to be free of lens aberrations.
In medical imaging field, the method has direct application to
the correction of endoscopic images.

Vision mspection systems are widely used within industry
due to their unique capabilities and reliability. They are
employed 1n many different areas, from pharmaceuticals to
automated computer manufacturing. With the advent of pre-
cise distortion calibration, the constraints on the lens are
relaxed, allowing the use of lower focal lengths with wider
field of view to position the cameras closer to the objects. This
both reduces the cost of the optical system and yields a much
smaller and compact inspection stage. The straightforward
calibration procedure allows easy on site calibration without
expert knowledge or precise positioning equipment.

Another related 1dea 1s the use of very low focal length
lenses 1n TV systems, to avoid having to elevate a camera (and
operator) to large heights to capture birds eye views such as
often seen 1n sports coverage. Much lower elevations may be
used with fish-eye type lenses followed by correction for
distortion and optimal image re-formatting as described by
the present invention. The resulting image will appear to have
been taken from an enormous height 11 the lens field of view
1s up to 160 to 170 degrees.

Digital camera technology 1s evolving to the stage where
the image undergoes significant processing within the cam-
era. The developed methods, including the optimal 1mage
regeneration may be included to correct for lens aberrations
within the camera DSP. Such an ability to post-correct an
image will allow less emphasis to be placed on the lens. This
has a clear expanding market 1n compact phone cameras,
where the limiting factor 1s the physical dimensions of the
lens. Additionally, the calibration may be offered to profes-
sional photographers in the form of a stand alone software to

increase the quality of their images.

In addition to visible light frequencies, many lens systems
ex1st that measure different sets of frequencies, such as Infra-
red cameras and laser measurements cameras. These devices
are equally subject to lens distortions, especially 11 the lenses
are not fully optlmlzed for the partlcular wavelengths used.

The present invention 1s directly applicable to such problems.

This may nvolve altering the nature of the input calibration
orid to enable suitable control point detection within the
particular imaging modality. The correction systems could
then equally be applied within the capturing device, or sub-
sequently on external processing equipment.

lo demonstrate the effectiveness of the method
(METHOD 1) described herein, a comparison was performed
with three other methods (METHODS 2-4).

The assessment was conducted in terms of evaluating how
accurate the estimated parameters are 1n describing lens dis-
tortion throughout the 1image. Generally, 1t 1s not enough to
merely find the value or the parameters with respect to the
objective criteria. It 1s also important to evaluate the uncer-
tainty attached to the result, taking into account the uncer-
tainty in the data. The three methods were taken from the
literature for comparison purposes. These include two full
calibration methods and one truism based method.

From a least squares or nonlinear least squares estimation
problem the residual error vector may be calculated. How-
ever, mstead of calculating this residual, an alternative one 1s
compiled directly using new data. Under the assumption that
data error has a zero mean normal random distribution A/(0,
O ,,)»> the estimation algorithm 1s asymptotically efficient,
implying that with enough data points the exact solution may
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be recovered. The parameter uncertainty may be estimated
from the Fisher information matrix, in Equation 21:

21)

F~1(¢) is then used to characterize the uncertainty in the
parameters, by forming an estimate ol the associated Stan-
dard Deviation (SD) as the square root of the i” diagonal

element as: SD((T)I-):\Xdiagz.(F‘l (¢)
In the special case where all ther, *’s are equal and possibly

unknown:

21)

F~1(¢) is then used to characterize the uncertainty in the
parameters, by forming an estimate of the associated Stan-
dard Deviation (SD) as the square root of the i” diagonal

element as SD@:\Xdiagf(F'l((T)))

In the special case where all of the o,*’s are equal and
possibly unknown:

With the proposed solution, as Method 1, the mitial com-
parison technique 1s referred to as Method 2. The full calibra-
tion technique takes multiple views of a planar pattern as
input. Although distortion calibration 1s not the main focus of
this technique (no decentering and a low order radial (2
parameters) model 1s used), 1t provides a useful comparison
for lower distortion levels. It 1s not expected to be highly
accurate for larger distortion levels. The method estimates
distortion by the numerical solution of the back projection
problem 1n n views with m control points 1n each view. The
available implementation does not return the parameter stan-
dard deviations.

Method 3 1s also a full calibration method. This method
also requires multiple views of a planar calibration object,
though 3D coordinates with one 1mage may also be used.
Distortion 1s given prominent focus in this implementation,
with the reverse model assumed including decentering dis-
tortion. A simplified approximation of its Taylor expansion 1s
used as an 1nverse. The implementation returns the parameter
SD’s.

Method 4 1s a truism based method, where the estimation 1s
based on the criterion that straight lines in object space must
be 1imaged as straight lines. The mnput data 1s formed from the
collinear coordinates of the chessboard pattern. This method
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1s implemented by calculating the lines joining the horizontal
chessboard intersections as follows:
1. Intialize the principal point, and 4 parameters of the
reverse distortion model.
2. A moment matrix 1s formed representing the algebraic
line {it to the mput data (the Matrix 1s shown 1n Equation

g n 2 b2} o b2} 3 p 22)
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3. Calculate the least square line {it from the Eigenvector

associated with the smallest Eigenvalue.

4. Using this line and the input data form the error criterion.

5. Minimize this using the Levenberg-Marquardt (LM)

method for the sum of all lines.

Parameter SD’s are available upon convergence. A sum-
mary of the different properties of each method 1s given 1n the
table of FIG. 3. The majority of these methods do not include
decentering distortion. In order to compare like-with-like
decentering distortion 1s not included 1n the distortion model
of the proposed algorithm, (Method 1).

Comparisons on simulated data are made with respect to
varying control point locations and increasing levels of con-
trol point noise. Distortion 1s simulated using a nonstandard
formulation in order that the resulting profile does not exactly
match with any of the calibration models. Considering a
divisional model as described in GB2380887 extra nonlinear
terms may be added as follows:
é=c/(1-k,r"-kr*), where c=(u, v, 1) are the undistorted
points, ¢ are the distorted counterparts and r’=(u—u,_)2+(v-
v_)”. The center of distortion t=(u,, v_, 1)” is fixed at approxi-
mately u_=732.33 and v_=812.21. Distortion parameter k, 1s
varied 1n the range of -2 to 1.4 with k,, specified as k,=—k,/2,
representing a wide range of barrel and pincushion distor-
tions. The lowest level of distortion 1s k;,=0.01, effectively
showing on the graphs as zero.

The calibration data 1s comprised of a 10x10 planar grid of
equally spaced points (spacing=100 (pi1x)). Random positions
of these points are simulated using a 3D rotation randomly
drawn from a specific range of rotation angles, with limited
translation. Noise 1s added to these control points with a
normal distribution N (0, o), where o~ is in the range
approximately between O and 1 (pix), well in excess of the
expected noise range. The evaluation data includes a 20x20
orid (grid spacing=75 (pix)) covering the entire 1mage win-
dow.

The method described herein 1s compared with three alter-
native methods for robustness to control point positions. One
hundred random control point positions are generated for
cach distortion level and the accuracy and stability of each
method 1s evaluated. Accuracy 1s measured using the esti-
mated parameters on the evaluation data set. The stability of
cach estimated parameter i1s quantified by its variance
throughout the one hundred samples.

The accuracy of the four methods are compared 1n FIG. 17.
The ability to correctly distort a model 1s primarly linked
with the underlying distortion model. As FIG. 17 shows, the
reverse model 1n Method 3 and 4 1s more unstable than the
torward model used 1n Method 1 and 2. Method 4 1s shown to
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be highly dependent on the location of the control points.
Method 1 outperforms all other methods with much lower
distortion residuals, indicating that the proposed algorithm 1s
not dependent on the location of control points and its use of
a higher order model than Method 2 does not lead to 1nsta-
bilities.

Each method involves estimating the distortion center.
FIG. 18 1llustrates the x and y errors for the estimated center
point for the four methods over 100 random placements of the
calibration data and subject to varying distortion. This shows
that the center point in the line based method 1s quite sensitive
to the location of the calibration data. The performance of
Methods 2 and 3 are roughly similar (excluding the peak
errors at k,=0.01 for Method 3). The method of the present
invention shows a very low center point error in comparison.
This demonstrates the high stability of the algorithm and the
high accuracy atforded by the use of an approprate distortion
model.

The parameter values and standard deviations of each
method are shown 1n FIGS. 19-22. These show the variation
of the parameters with distortion and their integrity with
respect to varying control point positions. As expected, the
present method and method 2 which employ forward distor-
tion models show bounded parameter values. In contrast, the
parameter values for methods using the reverse model are
much larger. The line based method shows large parameter
and SD wvalues, indicating in conjunction with 1ts poor
residual accuracy that this algorithm fails to converge for
many of the position samples.

The proposed algorithm 1s compared with the three alter-
native methods for robustness to noise 1n control point posi-
tions. The 3D position of the control points are fixed through-
out. For each simulated distortion level, noise with a
distribution of N (0, 0°) is added for 100 samples. The noise
variance 0~ is then varied through 0—1 (pix). As this gener-
ates a significant quantity of data, only the residual distortion
1s presented, for the range of barrel distortion only.

The residual errors are presented in FIGS. 4-7. FIG. 4
presents the residual results for the proposed method,
(Method 1). It can be noted from these results that for zero
distortion levels, a larger residual error 1s induced than for the
other distortion levels. This 1s due to the imncorrect classifica-
tion of noise in the data as actual distortion. Excluding this
zero level distortion, the residual SD increases 1n direct pro-
portion with the induced noise. All residuals remain 1n the
subpixel range. It can be confidently concluded that the pro-
posed algorithm copes successtully with noise.

In comparison, Method 2 shows a larger residual error. As
this method also uses the forward model of distortion, its
increase 1n error 1s proportional with the increase in noise
variance. Method 3 uses the reverse model of distortion, and
the results 1n FIG. 6 show that the residual error 1s larger than
that of Method 2. However, 1n terms of robustness to noise,
the algorithm appears to cope successiully. The final line
based method, Method 4, also uses the reverse model, but to
a higher order. The high order reverse model has been shown
to have instability tendencies, so the increase in noise levels
induces a large increase 1n residual error. Indeed for some
samples, the algorithm failed to converge and 1n others, con-
vergence 1s questionable.

The comparison of the present method with the line based
method shows a very considerable improvement. The line
based method fails to reach this performance despite using a
high order model. One reason for this i1s that no geometric
relationship exists between the objective error and the distor-
tion. The 11l conditioning induced by the reverse model athigh
distortion levels hampers its performance further, all culmi-
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nating in the tendency to lodge 1n local minima and 1n some
cases fail to converge due to singularities 1n the estimation
moment or co-factor matrix. The poor estimation perfor-
mance may be additionally observed 1n the widely varying
estimates for the center of distortion. It 1s not suitable for
larger distortion levels.

In comparison with the full calibration technique of
Method 3, the proposed technique shows a significant perfor-
mance increase. This method used the reverse model and
hence failed to achieve comparable residual results. This
algorithm 1s restricted to low levels of distortion as an
increase i distortion model order would lead directly to
increased sensitivity and ultimately poorer performance. The
side-by-side analysis with the full calibration technique of
Method 2, primarily indicates the proposed method achieves
smaller residual error. This may be expected as both tech-
niques use the forward distortion model, only to a higher
order in Method 1. Despite the use of this higher order model,
no adverse consequences arise from its use such as instabili-
ties 1n the estimation problem. Actually, the comparisons on
the recovered centers of distortion show that the proposed
method achieves far superior stability 1n its estimation than
Method 2.

The experiments conducted on simulated data clearly show
that the proposed algorithm outperforms the comparison
techniques on an accuracy front. The improvement in accu-
racy may be attributed to the use of an appropriate distortion
model, the estimation algorithm still performs equally as well
as the methods that require multiple inputs of data points. The
simulations also show that the proposed algorithm at least
matches the stability of full calibration methods, and sur-
passes them in many cases such as 1n the estimation of the
distortion center. In summary, 1t 1s shown to be suitable for
distortion levels of all kinds, with good invariance to control
point location and noise.

Comparisons on real data are compiled with seven differ-
ent samples of distortion, arranged 1n increasing order. FI1G. 8
gives a briel description of the camera type and 1mage reso-
lution of each sample. Three images were iput into the full
calibration techniques of Methods 2 and 3, while the first of
these was used 1n the single image methods. As an example,
sample number 5 from this data set 1s shown 1n FIG. 9. One
additional 1mage 1s used for the residual distortion evaluation
of all four methods. These residuals are compiled, with one
exception, by undistorting the evaluation image and estimat-
ing a radially weighted homography on this data. The residu-
als for the line based Method 4 are compiled directly by
undistorting the data. A radially weighted homography is then
computed on these coordinates. This avoids the addition of
extra inaccuracies through the use of an inverse approxima-
tion to undistort the image. All chessboard intersection points
are estimated from an 1nitial guess using the nonlinear line
intersection method described 1n the accompanying addi-
tional information document, with a small local support in
order to avoid the introduction of bias.

The number of 1terations required for each method to con-
verge 1s also presented in FIG. 8. This shows that there 1s a less
computational overhead with the proposed method. It should
also be noted that no optimization 1s conducted within the
Gauss-Newton method (used by Method 1), unlike the com-
parison methods which use a combination of a Gradient
Decent and Gauss-Newton (LM) to speed up convergence.

Firstly, each method 1s examined for the residual distortion
remaining after correction. These residuals are presented in
FIG. 10 in mean (SD).

FIG. 10 shows that the proposed method achieves a lower
residual error than any of the comparison methods. Methods
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3 and 4 show slightly erratic performances. As the improve-
ment 1n performance of the proposed method may be attrib-
utable to the higher order model used, an extra comparison
was conducted using a two parameter distortion model in
Method 1. This 1s the same model as used 1n Method 2. The
results are presented in FIG. 11 for comparison with those of
Method 2. These results show that the proposed method still
achieves an overall lower residual error. This comes despite
the fact that Method 2 uses three times the amount of input
data than Method 1 in these experiments. The undistorted
images for Sample 5 are shown in FIGS. 12A, 12B and 12C.
FI1G. 12A shows Method 1, FIG. 12B shows Method 2 and
FIG. 12C shows Method 3. A residual distortion 1s observable
in the 1mage undistorted with Method 3.

The values and uncertainties of each estimated parameter 1s
presented for Methods 1-4 in FIGS. 13-16 respectively.
Method 4 shows as expected large parameter values and
uncertainty for larger distortion levels. Method 3, using a two
parameter version ol the reverse model, exhibits a similar
trend, only with a lower magnitude. Method 2, using a two
parameter version of the forward model, shows bounded val-
ues. Method 1 also shows bounded parameter magnitudes
with small error bands. This confirms the results obtained on
simulated data, and 1ndicates the suitability of a high order
torward model for distortion calibration.

The estimates of the distortion center for each method are
presented in FIG. 23. These show that Method 1 recovers the
center point very close to that of the full calibration Method 2.
This indicates a close relationship between the center point of
distortion and the principal point (as recovered by Method 2).
Method 3 recovers a similar principal point except in the
samples where the distortion 1s poorly modeled, e.g. sample
no. .

Following the results obtained with simulated data, the
experiments with real images aim to confirm these findings.
In this sense, Method 4 1s shown to have erratic accuracy and
a tendency for high uncertainty 1n 1ts parameters. In compari-
son, Method 1 significantly improves upon the performance
of Method 3, from a distortion removal point of view. As 1n the
simulated case, there 1s also a clear improvement 1n the accu-
racy of Method 1 1n comparison with Method 2.

It was slightly unclear 1f the proposed algorithm would
match the performance of Method 2 using a lower order
distortion model. This was investigated with the comparison
of both methods using the same distortion model. It revealed
that on average Method 1 achieved a slightly lower distortion
residual. This indicates the robustness of the proposed
approach, considering that Method 2 uses, 1n this case, three
times the amount of input data. The center point 1s reliably
estimated, with very similar locations to that of the full cali-
bration techniques that require more than one 1mage for its
recovery. However, this 1s not the case for the line based
Method 4, which shows unreliable center point estimates.

In conclusion, the experiments with real and simulated data
clearly demonstrate that the present method outperforms all
comparison methods 1n terms of accuracy 1n calibrating and
removing distortion. This level of accuracy 1s achieved while
using less input data, requiring only one view. The parameter
estimates are shown to be reliable, and lend themselves to a
well conditioned problem. Additionally, the real experiments
show that there 15 less computational overhead than the com-
parison methods. These factors in combination with the more
accessible closed form solution, appropriate distortion mod-
cling and unique minimization of pixel distortions 1n resam-
pling, make this method a highly suitable non-metric method
for removing lens distortion of all levels 1n perspective cam-
era.
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A novel aspect of this approach 1s the formulation to
recover the previously unknown projections of the true undis-
torted coordinates of the particular calibration object. This
allows the objective derivatives to be readily computed and
estimated using standard non-numerical techniques. A
unique feature of the formulation 1s its ability to model decen-
tering distortion of lens assemblies without 1ts explicit para-
metric inclusion. The basic 1dea may be visualized as a “pla-
narity of planes’ approach in contrast to the ‘straightness of
lines” method.

Secondly, a new 1dea 1s proposed to optimally form a new
aberration free image in order to reduce the unavoidable
resampling distortions such as stretching and shearing. The
end result 1s that the new 1mage contains less noise than an
unoptimized 1image, while also having a wider field of view
for normal barrel lens distortion.

Due to the new formulation of the problem, certain key
advantages are gained over the existing collection of solu-
tions. The forward model of lens distortion 1s used, 1n com-
parison with other nonmetric approaches which are forced to
use the reverse model or a variation, and cannot avail of 1ts
advantages. Decentering distortion 1s naturally modeled by
the particular formulation without the need for additional
parameters. The precision to which lens distortion may be
modeled and removed 1s very high. The accuracy 1s shown to
outperform other alleged nonmetric approaches and, match
and often outperform the performance of complete bundle
adjustment methods. In addition to this accuracy, the distor-
tion calibration 1s shown to be very stable unlike many non-
metric alternatives. This precision and stability 1s not limited
to a small domain of lens distortions, but eflectively covers all
possible or practical levels of lens distortions 1n perspective
cameras, irom very low focal lenses such as fish-eye, to very
high focal length lenses. In contrast, alternative full calibra-
tion and nonmetric methods are only suited to mild levels of
distortion.

Complete calibration methods, and their associated rela-
tive complexity are not suitable for all applications. Many
situations exist wherein only the nonlinear distortion calibra-
tion 1s required. The current means of calibrating distortion
only relies on existing nonmetric approaches. These algo-
rithms are not without their own complexity, mnvolving a
cumbersome phase of line segmentation and recovery. In
contrast the proposed method utilizes the existing relatively
straightforward planar detection methods associated with full
calibration methods. Only one view of this planar target 1s
required to completely solve the problem. The two con-
straints that are 1mposed on the target, that of planarity and
known structure up to scale (these constraints, and more,
apply to the tull calibration methods), are easily attained.

The distortions mtroduced during the removal of lens dis-
tortion through interpolation are also considered for the first
time. This 1s an integral part of the distortion calibration
process 1 undistorted images are the desired end result. These
optimized 1mages contain less noise and retain more pixel
information.

The different elements of the process will now be explained
with reference to an exemplary calibration process which 1s
employed initially. The data obtained from the calibration
step 1s subsequently employed 1n the correction process.

The calibration process comprises a series of steps, as 1llus-
trated 1n the process flow of Figure ?. The 1nitial step com-
prises the setting up of the imaging apparatus such as a cam-
era 1n a test configuration. The camera may be set up on a
tripod or other support and directed at a reference (e.g. chess-
board) image. As will be explained below, the reference
object 1s suitably selected to simplify the subsequent process-
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ing of the data. The reference object 1s positioned a distance
away from camera. However as explained above this 1s not
critical but merely requires the target to be fully encompassed
with the image.

As, ameasure of distortion 1s being obtained 1t 1s important to
capture an 1mage of a specific known target so that the method
attempts to correct the captured 1image appropriately 1n deter-
mimng the model. Thus the reference object (target) 1s suit-
ably selected to facilitate the subsequent image analysis
aspect of the calibration process. An example of a suitable
reference object 1s a planar surface with a checkerboard pat-
tern defined thereon. A checkerboard pattern is suitable since
the positions of the corners of the individual squares may
readily be i1dentified using conventional corner detection
techniques. Suitably, the number of squares in the pattern
would ensure that each square represented a pixel area 1n the
image of X by x pixels, where x 1s suitably a value 1n the range
of 40 to 200 pixels depending on the sensor size to meet the
mimmum number of control points required.

Once the camera, lens and target have been appropriately set
up, an 1image 1s acquired by the camera and the mathematical
methods described above applied to determine the appropri-
ate parameters for a correction model. This correction model,
as will be appreciated from above, allows for correction to be
applied to any subsequent images captured by the imaging
system.

Other ways of implementation apply as long as the ele-
ments of the present invention are included.

In addition to the description of specific, non-limited
examples of embodiments of the invention provided herein, 1t
should be appreciated that the invention can be implemented
in numerous other applications mmvolving the different con-
figurations of video-processing equipment. Although the
invention s described hereinbefore with respect to 1llustrative
embodiments thereot, 1t will be appreciated that the foregoing
and various other changes, omissions and additions 1n the
form and detail thereof may be made without departing from
the spirit and scope of the imnvention.

What 1s claimed 1s:

1. A method for determining lens distortion parameters for
an 1maging system comprising a lens and an 1imaging device,
the method comprising:

capturing an i1mage of a target with a known structure

through the lens, the target comprising a known, two-
dimensional, planar structure comprising a plurality of
control points;

detecting the positions of the plurality of control points in

the captured 1mage,

performing a Euclidean transform on detected control

points,

calculating an estimate for the positions of the control

points without distortion through a projective transior-
mation of their known structure in conjunction with a
distortion model applied to these estimated control
points to provide an estimated location for distorted
control points,

comparing these estimated locations to the Fuclidean

transformed detected control points while simulta-
neously refining estimated positions through the projec-
tive transformation, the distortion model and the Fuclid-
can transform of the measured control point
coordinated, to minimize the difference, and

storing the distortion model once the difference has been

minimized.

2. A method according to claim 1, wherein the target
includes a checkerboard pattern and the plurality of control
points are the corners of the squares.
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3. A method according to claim 1, further comprising
applying the distortion model with stored model parameters
to correct a further captured 1mage to produce an undistorted
1mage.

4. A method according to claim 3, further comprising scal-
ing the captured image.

5. A method according to claim 4, wherein the degree of
scaling 1s determined directly from the distortion model to
minimize average pixel stretch throughout the image.

6. A method for determining lens distortion parameters for
an 1maging system comprising a lens and an 1imaging device,
the method comprising:

capturing an 1mage of a target with a known structure

through the lens, the target comprising a known, two-
dimensional, planar structure comprising a plurality of
control points;

detecting the positions of the plurality of control points 1n

the captured image,

estimating positions of detected control points without dis-

tortion by applying a Euclidean transform to detected
values 1n conjunction with a distortion model applied to
the Euclidean transformed detected values,

comparing these estimated points without distortion to the

estimated positions of the control points without distor-
tion obtained through projective transformation of their
known structure and adjusting parameters of the distor-
tion model, Euclidean transform and estimated values to
minimize the difference, and

storing the distortion model once the difference has been

minimized.

7. A method according to claim 6, wherein the target
includes a checkerboard pattern and the plurality of control
points are the corners of the squares.

8. A method according to claim 6, further comprising
applying the distortion model with stored model parameters
to correct a further captured 1image to produce an undistorted
image.

9. A method according to claim 8, further comprising scal-
ing the captured image.

10. A method according to claim 9, wherein the degree of
scaling 1s determined directly from the distortion model to
minimize average pixel stretch throughout the 1mage.

11. A method for determining lens distortion parameters
for an 1maging system comprising an imaging device and
lens, the method comprising:

capturing an 1mage of a target through the lens, the target

comprising a known, two-dimensional, planar structure
comprising a plurality of control points;
detecting the positions of the plurality of control points 1n
the captured 1image, transforming detected positions of
the control points 1nto a lens centric coordinate system
using a Euclidean Transform and initial transformation
values:
computing an estimate for the positions of the control
points without distortion 1n conjunction with a distortion
model applied to estimated control points to provide an
estimated location for distorted control points; and

comparing and simultaneously refining estimated posi-
tions, the parameters of the distortion model and the
initial transformation values to mimimize the difference
between the estimated positions of the control points and
the Fuclidean transformed detected positions of the con-
trol points, and storing distortion model parameters once
the difference has been minimized.

12. A method according to claim 11 wherein the target
includes a checkerboard pattern and the plurality of control
points are the corners of the squares.
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13. A method according to claim 11, further comprising
applying the distortion model with the stored model param-
eters to correct a further captured 1image to produce an undis-
torted 1mage.

14. A method according to claim 13, further comprising
scaling the captured image.

15. A method according to claim 14, wherein the degree of
scaling 1s determined directly from the distortion model to
mimmize average pixel stretch throughout the image.

16. An imaging system comprising a lens and an 1maging
device, wherein the system 1s adapted to perform the method
of claim 11.

17. An 1imaging system according to claim 16, wherein the
imaging system 1s a camera and the imaging device 1s a
SENnsor.

18. A camera according to claim 17, wherein the sensor 1s
a CCD device.

19. An imaging system according to claim 18, wherein the
imaging system 1s a projector.
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20. A projector according to claim 19, wherein the imaging 20

device 1s a LCD device.
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